Glycerol is an interesting feedstock for biomaterials such as biofuels and bioplastics 26 because of its abundance as a by-product during biodiesel production. Here we 27 demonstrate glycerol metabolism in the nitrogen-fixing species Azotobacter vinelandii 28 through metabolomics and nitrogen-free bacterial production of biopolymers, such as 29 poly-D-3-hydroxybutyrate (PHB) and alginate, from glycerol. Glycerol-3-phosphate was 30 accumulated in A. vinelandii cells grown on glycerol to the exponential phase, and its 31 level drastically decreased in the cells grown to the stationary growth phase. A. 32 vinelandii also overexpressed the glycerol-3-phosphate dehydrogenase gene when it 33 was grown on glycerol. These results indicate that glycerol was first converted to 34 glycerol-3-phosphate by glycerol kinase. Other molecules with industrial interests, such 35 as lactic acid and amino acids including γ-aminobutyric acid, have also been 36 accumulated in the bacterial cells grown on glycerol. Transmission electron microscopy 37 revealed that glycerol-grown A. vinelandii stored PHB within the cells. The PHB 38 production level reached 33% per dry cell weight in nitrogen-free glycerol medium. 39
INTRODUCTION 46
Azotobacter vinelandii is a free living, nitrogen-fixing bacterium.
1,2 One of the 47 remarkable characteristics of this species is that it can grow sufficiently in a 48 nitrogen-free minimal medium. 3 In A. vinelandii, nitrogenases prerequisite for nitrogen 49 fixation catalyze the reduction of nitrogen to ammonia using a large amount of energy 50 derived from ATP hydrolysis. 4, 5 In the recently determined genome sequence of A. 51 vinelandii, three different types of nitrogenases have been identified. 2 In addition, it has 52 been established that A. vinelandii has the potential to produce industrially useful 53 biopolymers, including extracellular alginate and intracellular poly-D-3-hydroxybutyrate 54
(PHB). [6] [7] [8] [9] Alginate is a linear polysaccharide consisting of (1-4)-β-D-mannuronic acid 55 and α-L-guluronic acid. Commercially available alginate is classically derived from 56 seaweed, although two bacterial genera, Pseudomonas and Azotobacter, are expected to 57 be potential alginate producers.
8 PHB belongs to the polyhydroxyalkanoate (PHA) 58 family of polyesters, and many bacterial species accumulate PHAs as intracellular 59 granules for energy storage. 10 PHAs are also promising alternatives to plastics because 60 of their biodegradability, biocompatibility, and thermoplasticity. 6, 11 Hence, A. vinelandii 61 is considered to be an attractive bacterium for production of two industrially useful 62 biopolymers, alginate and PHB, in the absence of nitrogen sources. 6, 9, [12] [13] [14] 
63
The biosynthetic pathways for alginate and PHB production in A. vinelandii have 64 previously been reviewed by Galindo et al. 6 As shown in Fig. 1 , alginate is synthesized 65 from fructose 6-phosphate by many enzymes encoded by the alg cluster, 8, 15 whereas 66 PHB is synthesized in three steps from acetyl-CoA and three phb genes are essential for 67 synthesis. 16 The regulatory mechanisms for the production of these biopolymers have 68 been analyzed. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Thus, the biopolymers are expected to be produced from excess 69 determine the main glycerol assimilation pathway. However, no activity of either 118 enzyme was detected in the bacterial cell extract, possibly due to their low protein 119 expression level. Hence, transcription levels of the genes of the two dehydrogenases 120 were monitored by quantitative PCR (Fig. 2) . As shown in Fig. 2A , the total RNA of 121 bacteria grown in all conditions was extracted without degradation. In the case of the 122 glycerol-3-phosphate dehydrogenase gene (Fig. 2B left) , the cells grown to the 123 exponential growth phase showed higher gene expression than those grown to the 124 stationary growth phase. In bacteria grown to the exponential growth phase, gene 125 expression in the glycerol medium was 38-fold higher than that of bacteria grown in the 126 sucrose medium. In contrast, the glycerol dehydrogenase gene was transcribed at basal 127 levels in bacteria grown to the exponential growth phase in media (Fig. 2B right) . The 128 expression of glycerol dehydrogenase in all cases tested was extremely low, but near the 129 detectable limit for our experimental conditions (data not shown). These metabolomic 130
and quantitative PCR results demonstrate that the glycerol-3-phosphate pathway is 131 predominant in A. vinelandii. 132
Sucrose metabolites, such as fructose 6-phosphate, mannose 6-phosphate, mannose 133 1-phosphate, and GDP mannose, were detected even in glycerol-grown A. vinelandii 134 (Table 1 ). This result indicates that gluconeogenesis, which involves the conversion of 135 fructose 1,6-biphosphate to fructose 6-phosphate, occurred in the bacteria. In addition, 136 occurance of gluconeogenesis in A. vinelandii demonstrates its potential for producing 137 alginate concomitantly with PHB from glycerol, which is described later. 138
No conspicuous rate-limiting metabolites were identified between fructose 139 1,6-biphosphate and acetyl CoA (Table 1) . However, accumulation of pyruvic acid (42.5 140 pmol/OD 600 ml) was observed in glycerol-grown cells collected at the exponentialgrowth phase. Pyruvic acid is an important precursor for many metabolites, including 142 ethanol, acetyl CoA, and lactic acid. 32 In the present study, A. vinelandii produced large 143 amounts of lactic acid in all cases, especially in glycerol-grown cells (Table 2) disrupted alginate synthetic gene algD, were also subjected to the PHB assay becausePHB and alginate productions are thought to be competitive. First, intracellular PHB 166 granules were monitored by transmission electron microscopy (TEM) (Fig. 3) . Similar 167 to many PHB-producing bacteria, WT cells produced white and globular PHB granules, 168 which were found in both sucrose-and glycerol-grown cells. On the other hand, 169 globular PHB granules were scarcely observed and apparently degraded in ΔalgD cells. 170
The time course of cell growth and PHB production are shown in Fig. 4 . In the 171 sucrose medium, WT and ΔalgD cells showed similar growth profiles (Fig. 4A) . Cell 172 growth of both strains exceeded an OD 600 of 14. However, the lag phase of both strains 173 grown on glycerol was longer than that on sucrose. WT growth reached an OD 600 of 174 6.12, whereas that of ΔalgD reached an OD 600 of 16.8. 175 Figure 14 Although the 182 reasons for PHB degradation have yet to be determined, the necessity for PHB might 183 waver due to the lack of alginate production following cyst formation. Production of 184 PHB and alginate is closely regulated in A. vinelandii. 10 The results obtained herein may 185 provide valuable hints on the relationships among alginate, PHB, and cyst formation. 186
Although A. vinelandii grown on glucose together with nitrogen sources synthesizes 187 much PHB (74% per dry cell), 35 and some bacteria such as Burkholderia cepacia,
188
Chelatococcus daeguensis, 37 Cupriavidus necator (formerly Ralstonia eutropha),
38,39
Paracoccus denitrificans, 40 Pseudomonas oleovorans, 41 and Zobellella denitrificans, One of the mutants (MT1) was subjected to TEM analysis after preparation of cell 204 thin section (Fig. 5A) . Recently, A. vinelandii cells were demonstrated to be equipped 205 with a special secretion system for alginate through formation of cell-surface blebs. 206
These blebs containing alginate are formed on the bacterial cell surface and are 207 subsequently released around the cells.
43 MT1 cells formed a large number of blebs on 208 the cell surface (Fig. 5A) . On the other hand, few blebs were observed on WT cells (Fig.  209   5B) . Thus, WT cells were subjected to scanning electron microscopy (SEM) analysis. A 210 few blebs were observed on the cell surface (Fig. 5C ). The time course of alginate 211 secretion for WT and MT1 cells grown on glycerol is characterized in Fig. 6 . Cell 212 growth (3.97 at OD 600 ) of MT1 at 96 h was lower than that (6.64 at OD 600 ) of WT (Fig.6A ). In contrast, alginate secretion by MT1 cells (0.87 mg/ml) was higher than that by 214 WT cells (0.52 mg/ml) (Fig. 6B ). This result indicates that MT1 cells have the potential 215 for more alginate production through improvement in their growth conditions. 216
In conclusion, this is the first report on glycerol metabolism in A. vinelandii analyzed 217 through the metabolomic approach. The results indicate that A. vinelandii grown on 218 glycerol, but in the absence of any nitrogen source, may be useful for producing many 219 substances, including amino acids and biopolymers (especially PHB and alginate), with 220 industrial interests. 221
222

MATERIALS AND METHODS 223
Bacteria and culture conditions. The bacterial strains used in the present study are 224 listed in Table 3 . Cells of WT A. vinelandii ATCC 12837 and an alginate-deficient 225 mutant with a disruption of algD (ΔalgD) 43 were grown aerobically in a minimal 226 glycerol medium, i.e., modified Burk's medium (G-MB; 20 mg/ml glycerol, 200 μg/ml 227 NaCl, 50 μg/ml CaSO 4 , 200 μg/ml MgSO 4 7H 2 O, 2.9 μg/ml Na 2 MoO 4 2H 2 O, 27 μg/ml 228 (5700 ×g, 4°C, 5 min), and were washed twice with 10 ml pure water. Each cell pellet 239 was homogenized in 2 ml methanol. After homogenization, chloroform (1.6 ml) was 240 added to 1.6 ml of cell extract, and the mixture was well agitated. Aqueous and 241 chloroform layers were separated by centrifugation (2300 ×g, 4°C, 5 min), and the 242 aqueous layer was subjected to ultrafiltration (9100 ×g, 4°C, 120 min) using the 243 Ultrafree-MC UFC3 LCC (molecular weight cut-off, 5000; Millipore, Bedford, MA). 244
The filtrate was dried and resolved in 50 μl of pure water. Metabolites were identified 245 and quantified using CE-TOFMS system (Agilent Technologies, Santa Clara, CA). 246 247 Enzyme assay. Dehydrogenases for glycerol and glycerol-3-phosphate were assayed 248 according to a previously described method. 44 Briefly, WT cells were inoculated in 50 249 ml of fresh S-MB or G-MB, and cultured to the exponential or stationary growth phase. 250
The cells were washed twice with 10 mM potassium phosphate buffer (pH 7.0), and 251 phosphate buffer, pH 7.4) were mixed in a ratio of 1:1 (total 1 ml), and stored at 4°C for 276 60 min. Cell pellets were collected by centrifugation (5000 ×g, 4°C, 5 min). Fixing 277 solution B (2% osmium tetroxide and 0.1 M potassium phosphate buffer, pH 7.4) was 278 added to each cell pellet and agitated. Preparation of an ultrathin section and TEM 279 analysis using a JEM-1200EX instrument (JEOL, Tokyo, Japan) were carried out as 280 described previously. 43 In the case of SEM analysis, the bacterial cells were prefixed at 281 
